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(57) ABSTRACT 

The present invention provides an all-aqueous proceSS and 
composition for production of Silk biomaterials, e.g., fibers, 
films, foams and mats. In the process, at least one biocom 
patible polymer, such as poly(ethylene oxide) (PEO) (a 
well-documented biocompatible material), was blended 
with the Silk protein prior to processing e.g., electroSpinning. 
We discovered that this step avoids problems associated 
with conformational transitions of fibroin during solubiliza 
tion and reprocessing from aqueous Solution which lead to 
embrittled materials. Moreover, the process avoids the use of 
organic Solvents that can pose problems when the processed 
biomaterials are exposed to cells in vitro or in Vivo. 

PEO 
O SILK 

A NO1 
v NO2 
O NO 3 
CNO 5 
D NOS 

O NO 
NO 8 

BDO 1OOO 1200 1400 

SHEARRATE 

  



Patent Application Publication Nov. 24, 2005 Sheet 1 of 16 US 2005/0260706A1 

a sn s? 2 to R ge 
P S 9 9 9 S 9 S. 

as a 2 2 2 2 2 e 

O ( 0 (0 V A () 

sss 
s 

5 

s 

(Sed) ASOSA 

  



Patent Application Publication Nov. 24, 2005 Sheet 2 of 16 US 2005/0260706A1 

s 
  



Patent Application Publication Nov. 24, 2005 Sheet 3 of 16 US 2005/0260706A1 

  



US 2005/0260706 A1 

•||wi tial|r?n? 

Patent Application Publication Nov. 24, 2005 Sheet 4 of 16 

ONGOS 

  



Patent Application Publication Nov. 24, 2005 Sheet 5 of 16 

1.0 

0.9 

0.7 

0.5 

0.4 

10 

20 30 

TIME (DAY) 

FIG. 5A 

20 30 

TIME (DAY) 

ESSHB 

40 50 

US 2005/0260706A1 

SK 
O PEO O2 
A PEO 10 
v PEO20 
0 PEO 30 
(PEO 40 

O PEG D2 
A PEG 1) 
V PEG20 
OPEG 30 

  



Patent Application Publication Nov. 24, 2005 Sheet 6 of 16 US 2005/0260706 A1 

o 
o 
o 

e s 
ee d. S s 1 GN 
s CN 
(N CO 

CN 

O 
o 

CN 

a. ea ea a? a 
V is CD ba 

o 
O 
GN 

s g s 
S 

s s 

NBHOON--. 

  



Patent Application Publication Nov. 24, 2005 Sheet 7 of 16 US 2005/0260706A1 

sesss s 

OWHOON-- 

  



Patent Application Publication Nov. 24, 2005 Sheet 8 of 16 US 2005/0260706A1 

s 
f 

- 

St. 
O y:SE 
SES E. R 

s 

% 
N 

E. BSU SES 

  

  



Patent Application Publication Nov. 24, 2005 Sheet 9 of 16 US 2005/0260706 A1 

e 
run 

e 
On Sl 

S P 

5 QS m 

N R 

s a 

S. se 
O 
qr 

OWHON-- 



Patent Application Publication Nov. 24, 2005 Sheet 10 of 16 US 2005/0260706 A1 

  

  



US 2005/0260706 A1 

II ‘50IJI INGWIYEHITONYHEWANDHA SIWW Nm?SOHIHB ) 

Patent Application Publication Nov. 24, 2005 Sheet 11 of 16 

  



Patent Application Publication Nov. 24, 2005 Sheet 12 of 16 US 2005/0260706A1 

s 
s 

  



Patent Application Publication Nov. 24, 2005 Sheet 13 of 16 US 2005/0260706A1 

ga s 
s (s s 

e 

s 

  



Patent Application Publication Nov. 24, 2005 Sheet 14 of 16 US 2005/0260706A1 

s 

  





Patent Application Publication Nov. 24, 2005 Sheet 16 of 16 US 2005/0260706A1 

s 

s e 

(STSiu)/N 

  



US 2005/0260706 A1 

SILK BIOMATERIALS AND METHODS OF USE 
THEREOF 

GOVERNMENT SUPPORT 
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Institutes of Health (NIH) grant R01 DE13405-01A1, 
National Science Foundation grant DMRO090384, and 
United States Air Force grant F49620-01-C-0064. 

FIELD OF THE INVENTION 

0002 The present invention relates generally to silk 
biomaterials, e.g., fibers, films, foams and mats, and use of 
those materials in tissue engineered constructs. 

BACKGROUND OF THE INVENTION 

0.003 Electrospinning for the formation of fine fibers has 
been actively explored recently for applications Such as high 
performance filters 1,2 and biomaterial scaffolds for cell 
growth, Vascular grafts, wound dressings or tissue engineer 
ing 2-4). Fibers with nanoscale diameter provide benefits 
due to their high Surface area. In this electroStatic technique, 
a strong electric field is generated between a polymer 
Solution contained in a glass Syringe with a capillary tip and 
a metallic collection Screen. When the Voltage reaches a 
critical value, the charge overcomes the Surface tension of 
the deformed drop of Suspended polymer Solution formed on 
the tip of the Syringe, and a jet is produced. The electrically 
charged jet undergoes a Series of electrically induced bend 
ing instabilities during passage to the collection Screen that 
results in Stretching 5-7. This stretching process is accom 
panied by the rapid evaporation of the Solvent and results in 
a reduction in the diameter of the jet 8-12). The dry fibers 
accumulated on the Surface of the collection Screen form a 
non-woven mesh of nanometer to micrometer diameter 
fibers even when operating with aqueous Solutions at ambi 
ent temperature and pressure. The electroSpinning proceSS 
can be adjusted to control fiber diameter by varying the 
charge density and polymer Solution concentration, while 
the duration of electroSpinning controls the thickness of the 
deposited mesh 8-13). 
0004 Protein fiber spinning in nature, such as for silk 
Worm and Spider SilkS, is based on the formation of con 
centrated Solutions of metastable lyotropic phases that are 
then forced through small spinnerets into air 14). The fiber 
diameters produced in these natural Spinning processes 
range from tens of microns in the case of Silkworm Silk to 
microns to Submicron in the case of Spider SilkS 14. The 
production of fibers from protein Solutions has typically 
relied upon the use of wet or dry spinning processes 15, 16. 
ElectroSpinning offers an alternative approach to protein 
fiber formation that can potentially generate very fine fibers. 
This would be a useful feature based on the potential role of 
these types of fibers in Some applications Such as biomate 
rials and tissue engineering 17. ElectroSpinning has been 
utilized to generate nanometer diameter fibers from recom 
binant elastin protein 17 and silk-like protein 18-20). 
Zarkoob et al. 21 have also reported that silkworm silk 
from Bombyx mori cocoons and Spider dragline Silk from 
Nephila clavipes Silk can be electrospun into nanometer 
diameter fibers if first solubilized in the organic solvent 
hexafluoro-2-propanol (HFIP). 
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0005 Silk is a well described natural fiber produced by 
the silkworm, Bombyx mori, which has been used tradition 
ally in the form of threads in textiles for thousands of years. 
This silk contains a fibrous protein termed fibroin (both 
heavy and light chains) that form the thread core, and 
glue-like proteins termed Sericin that Surround the fibroin 
fibers to cement them together. The fibroin is a highly 
insoluble protein containing up to 90% of the amino acids 
glycine, alanine and Serine leading to B-pleated sheet for 
mation in the fibers 22). 
0006 The unique mechanical properties of reprocessed 
silk such as fibroin and its biocompatibility make the silk 
fibers especially attractive for use in biotechnological mate 
rials and medical applications 14, 23. 
0007 Electrospinning silk fibers for biomedical applica 
tions is a complicated process, especially due to problems 
encountered with conformational transitions of Silkworm 
fibroin during Solubilization and reprocessing from aqueous 
solution to generate new fibers and films. The problem with 
conformation transition is due to the formation of B-sheets 
which result in embrittled materials. Additionally, organic 
Solvents typically used in Silk elctroSpinning, as well as 
foam, film or mesh formation, pose biocompatibility prob 
lems when the processed materials are exposed to cells in 
vitro or in vivo. 

0008 Silk blends have been extensively studied with 
respect to film formation. Blends with polyacrylamide 26, 
Sodium alginate 27, cellulose 28,35, chitosan 29,36.37, 
poly(vinyl alcohol)30,38,39), acrylic polymers 31), poly 
(ethylene glycol) (300 g/mol 40 or 8,000 g/mol 41) 
poly(e-carprolactone-co-D,L-lactide) 42), and S-car 
boxymethyl keratin 43 have been studied to improve the 
mechanical or thermal Stability or membrane properties of 
silk films. 

0009. Unfortunately, none of these blends have proven 
Successful in overcoming problems associated with proceSS 
ing or reprocessing Silk protein, e.g., embrittlement, and, 
therefore, new methods, especially organic Solvent free 
methods, are needed. 

SUMMARY OF THE INVENTION 

0010. The present invention provides an all-aqueous pro 
ceSS for production of Silk biomaterials, e.g., fibers, films, 
foams and mats. In the process, at least one biocompatible 
polymer, such as poly(ethylene oxide) (PEO), was blended 
with the Silk protein prior to processing e.g., electroSpinning. 
We discovered that this step avoids problems associated 
with conformational transitions of fibroin during solubiliza 
tion and reprocessing from aqueous Solution which lead to 
embrittled materials. Moreover, the process avoids the use of 
organic Solvents that can pose problems when the processed 
biomaterials are exposed to cells in vitro or in Vivo. 
0011. In one embodiment, the biomaterial is a fiber. The 
fiber is produced by a process comprising the Steps of (a) 
preparing an aqueous Solution of a silk protein; (b) adding a 
biocompatible polymer to the aqueous Solution; and (c) 
electroSpinning the Solution. The process may further com 
prise step (d) of immersing the fiber into an alcohol/water 
Solution. The alcohol is preferably methanol, ethanol, iso 
propyl alcohol (2-propanol) or n-butanol. Methanol is most 
preferred. Additionally, the proceSS may further comprise 
step (e) of washing the fibroin fiber in water. 
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0012. The present invention also provides a fiber pro 
duced by the process. 
0013 In another embodiment, the biomaterial is a film. 
The film is produced, for example, by a process comprising 
the Steps of (a) preparing an aqueous Solution of a silk 
protein; (b) adding a biocompatible polymer to the aqueous 
Solution; (c) drying the mixture; and (d) contacting the 
mixture with an alcohol/water solution to crystallize the silk 
blend film. The process can optionally include step (e) of 
drawing or mono-axially stretching the resulting film to alter 
or enhance its mechanical properties. 
0.014. In the processes of the present invention, the aque 
ous Solution of a Silk protein is preferably in an aqueous Salt 
Solution (e.g., lithium bromide or lithium thiocyanate) or a 
Strong acid Solution (e.g., formic acid, hydrochloric acid). 
0.015 The silk protein suitable for use in the present 
invention is preferably fibroin or related proteins (i.e., Silks 
from spiders). The fibroin or related proteins are preferably 
obtained from a Solution containing a dissolved silkworm 
silk or spider silk. The silkworm silk is obtained, for 
example, from Bombyx mori. Spider silk may be obtained 
from Nephila clavipes. In the alternative, the silk protein 
Suitable for use in the present invention can be obtained from 
a Solution containing a genetically engineered Silk, Such as 
from bacteria, yeast, mammalian cells, transgenic animals or 
transgenic plants. See, for example, WO 97/08315 and U.S. 
Pat. No. 5,245,012. 
0016. The present invention also provides a biomaterial 
comprising a Silk protein and a biocompatible polymer. The 
biomaterial may be a fiber, film, foam or a non-woven 
network of fibers (also referred to as a mat). The biomaterial 
may be used to facilitate tissue repair, ingrowth or regen 
eration as Scaffold in a tissue engineered biocompatible 
polymer engineered construct, or to provide delivery of a 
protein or therapeutic agent. 
0.017. As used herein, biocompatible means that the poly 
mer is non-toxic, non-mutagenic, and elicits a minimal to 
moderate inflammatory reaction. Preferred biocompatible 
polymer for use in the present invention include, for 
example, polyethylene oxide (PEO), polyethylene glycol 
(PEG), collagen, fibronectin, keratin, polyaspartic acid, 
polylysine, alginate, chitosan, chitin, hyaluronic acid, pec 
tin, polycaprolactone, polylactic acid, polyglycolic acid, 
polyhydroxyalkanoates, dextrans, and polyanhydrides. In 
accordance with the present invention, two or more biocom 
patible polymers can be added to the aqueous Solution. 
0.018. The present invention further provides a composi 
tion comprising a Silk protein and a biocompatible polymer 
in water, wherein the composition is free of Solvents other 
than water. Preferably, the silk protein is fibroin and the 
biocompatible polymer is PEO. The composition is useful in 
the methods of the present invention. 
0019. Unless otherwise defined, all technical and scien 

tific terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art. Although 
methods and materials similar or equivalent to those 
described herein can be used in the practice or testing of the 
invention, the preferred methods and materials are described 
below. All publications, patent applications, patents and 
other references mentioned herein are incorporated by ref 
erence. In addition, the materials, methods and examples are 
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illustrative only and not intended to be limiting. In case of 
conflict, the present specification, including definitions, con 
trols. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0020. The accompanying drawings, which are incorpo 
rated in and constitute a part of this specification, illustrate 
embodiments of the invention and, together with the 
description, Serve to explain the objects, advantages, and 
principles of the invention. 
0021 FIG. 1 illustrates shear viscosities of silk/PEO 
blend Solutions in water. 

0022 FIG. 2 is a scanning electron micrograph of elec 
trospun fibers (No. 6) and sericin extracted Bombyx mori silk 
fiber (500 magnification). 
0023 FIGS. 3A-3D are scanning electron micrographs 
of electrospun fibers (No. 1): (a) an elecrospun fiber, (b) after 
methanol treatment, (c) after dissolved in water at room 
temp and (d) after dissolved in water at 36.5 C. 
0024 FIG. 4 is an ATR spectra of electrospun mat from 
silk/PEO blend solutions (No.6) (dotted line: after methanol/ 
water(90/10 v/v) treatment). 
0025 FIGS.5A-13B show percentage weight loss of silk 
and PEO blend films in water at 37° C. (dotted line: 
calculated silk weight in films): (13A) silk/PEO blend and 
(13B) silk/PEG blend. 
0026 FIG. 6 shows DSC thermograms of silk, PEO and 
silk/PEO blend films before methanol treatment: (a) silk 
film; (b) silk/PEO (98/2) blend; (c) silk/PEO (90/10) blend; 
(d) silk/PEO (80/20) blend; (e) silk/PEO (70/30) blend; (f) 
silk/PEO (60/40) blend; and (g) PEO. 
0027 FIG. 7 show DSC thermograms of silk/PEO blend 
films after methanol treatment: (a) silk film; (b) silk/PEO 
(98/2) blend; (c) silk/PEO (90/10) blend; (d) silk/PEO 
(80/20) blend; (e) silk/PEO (70/30) blend; and (f) silk/PEO 
(60/40) blend. 
0028 FIGS. 8A-8B show optical polarizing images of 
electrospun fibers (scale bar: 10 uM): (a) before heating at 
room temperature and (b) after heating up 100° C. at a rate 
of 5 C/min. 

0029 FIGS. 9 show differential scanning calorimeter 
(DSC) thermograms of silk/PEO electrospun fiber mats after 
methanol treatment: (a) PEO non-extracted mat and (b) PEO 
extracted mat. 

0030 FIGS. 10A-10C show low voltage high resolution 
Scanning electron micrographs of electrospun mats: (a) 
individual fiber surface after methanol treatment, (b) PEO 
non-extracted mat, and (c) PEO extracted mat. 
0031 FIG. 11 shows representative mechanical proper 
ties of electrospun fibers. 
0032 FIGS. 12A-12B show phase-contrast microscopy 
images of BMSCs growing on tissue culture plastic (poly 
(styrene)) after 1 day of culture in the presence of (a) PEO 
non-extracted mats and (b) PEO extracted mats (x40, scale 
bar: 100 um). 
0033 FIG. 13 shows scanning electron micrographs of 
BMSCs growing on electrospun mats and native silk fibroin 
matrices after 1, 7, and 14 days (scale bar: 500 um). 
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0034 FIGS. 14A-14D show scanning electron micro 
graphs of BMSCS growing on electrospun mats after 1 and 
14 days: (Scale bars: (a) 50 um, (b) 20 um, (c) 20 um, and 
(d) 10 um). 
0035 FIG. 15 shows proliferation of BMSCs seeded on 
electrospun mats (seeding density: 25,000 cells/cm', N=4). 
Error bars correspond to the Standard deviations. 
0036 FIG. 16 shows MTT results with seeding condi 
tions: 25000/cm, 20% serum after 14 days. Column heights 
correspond to the mean values and the error bars to the 
Standard deviations (n=3). 

DETAILED DESCRIPTION OF THE 
INVENTION 

0037 We have developed an all-aqueous process for 
producing Silk biomaterials, e.g., electrospun Silk fibers, 
films, foams and mats. This process effectively avoids the 
problems of (1) poor biocompatibility due to organic Sol 
vents used and (2) embrittled materials associated with 
conformational transitions of Silk protein (e.g., Silkworm 
fibroin) during Solubilization and reprocessing from an 
aqueous Solution. The process of the present invention 
comprises adding a biocompatible polymer to an aqueous 
Solution of a silk protein. The Solution is then processed to 
form a silk biomaterial. 

0.038. The silk protein suitable for use in the present 
invention is preferably fibroin or related proteins (i.e., silks 
from spiders). Preferably, fibroin or related proteins are 
obtained from a Solution containing a dissolved silkworm 
silk or spider silk. The silkworm silk is obtained, for 
example, from Bombyx mori. Spider silk may be obtained 
from Nephila clavipes. In the alternative, the silk protein 
Suitable for use in the present invention can be obtained from 
a Solution containing a genetically engineered Silk, Such as 
from bacteria, yeast, mammalian cells, transgenic animals or 
transgenic plants. See, for example, WO 97/08315 and U.S. 
Pat. No. 5,245,012. 
0.039 The silk protein solution can be prepared by any 
conventional method known to one skilled in the art For 
example, B. mori cocoons are boiled for about 30 minutes in 
an aqueous Solution. Preferably, the aqueous Solution is 
about 0.02M NaCO. The cocoons are rinsed, for example, 
with water to extract the Sericin proteins and the extracted 
Silk is dissolved in an aqueous Salt Solution. Salts useful for 
this purpose include, lithium bromide, lithium thiocyanate, 
calcium nitrate or other chemical capable of Solubilizing 
Silk. A strong acid Such as formic or hydrochloric may also 
be used. Preferably, the extracted silk is dissolved in about 
9-12 M LiBr solution. The salt is consequently removed 
using, for example, dialysis. 

0040. The biocompatible polymer preferred for use in the 
present invention is Selected from the group comprising 
polyethylene oxide (PEO) (U.S. Pat. No. 6,302,848) (24), 
polyethylene glycol (PEG) (U.S. Pat. No. 6,395,734), col 
lagen (U.S. Pat. No. 6,127,143), fibronectin (U.S. Pat. No. 
5,263,992), keratin (U.S. Pat. No 6,379,690), polyaspartic 
acid (U.S. Pat. No. 5,015,476), polylysine (U.S. Pat. No. 
4,806,355), alginate (U.S. Pat. No. 6,372,244), chitosan 
(U.S. Pat. No. 6,310,188), chitin (U.S. Pat. No. 5,093,489), 
hyaluronic acid (U.S. Pat. No. 387,413), pectin (U.S. Pat. 
No. 6,325,810), polycaprolactone (U.S. Pat. No. 6,337,198), 
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polylactic acid (U.S. Pat. No. 6,267.776), polyglycolic acid 
(U.S. Pat. No. 5,576,881), polyhydroxyalkanoates (U.S. Pat. 
No. 6,245.537), dextrans (U.S. Pat. No. 5,902,800), poly 
anhydrides (U.S. Pat. No. 5,270,419), and other biocompat 
ible polymers. Preferably, the PEO has a molecular weight 
from 400,000 to 2,000,000 g/mol. More preferably, the 
molecular weight of the PEO is about 900,000 g/mol. As 
contemplated by the present invention, two or more bio 
compatible polymers can be directly added to the aqueous 
Solution simultaneously. 
0041. The present invention, in one embodiment, pro 
vides a fiber produced by a process of preparing an aqueous 
Solution of a Silk protein, adding a biocompatible polymer to 
the aqueous Solution, and electroSpinning the Solution, 
thereby forming the fiber. Preferably, the fiber has a diameter 
in the range from 50 to 1000 nm. 
0042. In this embodiment, the aqueous solution prefer 
ably has a concentration of about 0.1 to about 25 weight 
percent of the Silk protein. More preferably, the aqueous 
solution has a concentration of about 1 to about 10% weight 
percent of the Silk protein. 
0043. While not wishing to be bound by theory, it is 
believed that the addition of a biocompatible polymer or a 
plurality of biocompatible polymers described above gen 
erates Viscosity and Surface tension Suitable for electroSpin 
ning. 

0044 Electrospinning can be performed by any means 
known in the art (see, for example, U.S. Pat. No. 6,110,590). 
Preferably, a steel capillary tube with a 1.0 mm internal 
diameter tip is mounted on an adjustable, electrically insu 
lated Stand. Preferably, the capillary tube is maintained at a 
high electric potential and mounted in the parallel plate 
geometry. The capillary tube is preferably connected to a 
Syringe filled with Silk/biocompatible polymer Solution. 
Preferably, a constant Volume flow rate is maintained using 
a Syringe pump, Set to keep the Solution at the tip of the tube 
without dripping. The electric potential, Solution flow rate, 
and the distance between the capillary tip and the collection 
Screen are adjusted So that a stable jet is obtained. Dry or wet 
fibers are collected by varying the distance between the 
capillary tip and the collection Screen. 
0045. A collection screen suitable for collecting silk 
fibers can be a wire mesh, a polymeric mesh, or a water bath. 
Alternatively and preferably, the collection Screen is an 
aluminum foil. The aluminum foil can be coated with Teflon 
fluid to make peeling off the silk fibers easier. One skilled in 
the art will be able to readily select other means of collecting 
the fiber solution as it travels through the electric field. As 
is described in more detail in the Examples Section below, 
the electric potential difference between the capillary tip and 
the aluminum foil counter electrode is, preferably, gradually 
increased to about 12 kV, however, one skilled in the art 
should be able to adjust the electric potential to achieve 
Suitable jet Stream. 
0046) The process of the present invention may further 
comprise Steps of immersing the Spun fiber into an alcohol/ 
water Solution to induce crystallization of Silk. The compo 
sition of alcohol/water solution is preferably 90/10 (v/v). 
The alcohol is preferably methanol, ethanol, isopropyl alco 
hol (2-propanol) or n-butanol. Methanol is most preferred. 
Additionally, the process may further comprise the Step of 
washing the fibroin fiber in water. 
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0047. In another embodiment, the biomaterial is a film. 
The process for forming the film comprises, for example, the 
Steps of (a) preparing an aqueous silk fibroin Solution 
comprising Silk protein; (b) adding a biocompatible polymer 
to the aqueous Solution; (c) drying the mixture; and (d) 
contacting the dried mixture with an alcohol (preferred 
alcohols are listed above) and water Solution to crystallize a 
silk blend film. Preferably, the biocompatible polymer is 
poly(ethylene oxide) (PEO). The process for producing the 
film may further include step (e) of drawing or mono-axially 
Stretching the resulting Silk blend film to alter or enhance its 
mechanical properties. The Stretching of a Silk blend film 
induces molecular alignment in the fiber Structure of the film 
and thereby improves the mechanical properties of the film 
46-49). 
0.048. In a preferred embodiment, the film comprises 
from about 50 to about 99.99 part by volume aqueous silk 
protein solution and from about 0.01 to about 50 part by 
volume PEO. Preferably, the resulting silk blend film is from 
about 60 to about 240 um thick, however, thicker samples 
can easily be formed by using larger Volumes or by depos 
iting multiple layers. 

0049. In a further embodiment, the biomaterial is a foam. 
Foams may be made from methods known in the art, 
including, for example, freeze-drying and gas foaming in 
which water is the Solvent or nitrogen or other gas is the 
blowing agent, respectively. 

0050. In one embodiment, the foam is a micropatterned 
foam. Micropatterned foams can be prepared using, for 
example, the method set forth in U.S. Pat. No. 6,423,252, the 
disclosure of which is incorporated herein by reference. 
0051. For example, the method comprising contacting the 
Silk protein/biocompatible polymer Solution with a Surface 
of a mold, the mold comprising on at least one Surface 
thereof a three-dimensional negative configuration of a 
predetermined micropattern to be disposed on and integral 
with at least one Surface of the foam, lyophilizing the 
Solution while in contact with the micropatterned Surface of 
the mold, thereby providing a lyophilized, micropatterned 
foam, and removing the lyophilized, micropattemed foam 
from the mold. Foams prepared according this method 
comprise a predetermined and designed micropattern on at 
least one Surface, which pattern is effective to facilitate 
tissue repair, ingrowth or regeneration, or is effective to 
provide delivery of a protein or a therapeutic agent. 

0.052 In another embodiment, the biomaterial is a scaf 
fold produced using a molding process. See, for example, 
WO 03/004254 and WO 03/022319. Using such a process, 
for example, the Silk protein/biocompatible polymer Solu 
tion is placed into a mold, the mold being a negative of the 
desired shape of the scaffold. The solution is cured and 
removed from the mold. In certain embodiments, it may be 
desirable to form pores in the polymer using, for example, 
particulate leaching and other methods known in the art. 
0.053 Additional biomaterials may be formed with the 
composition of the present invention using inkjet printing of 
patterns, dip pen nanolithography patterns and microcontact 
printing. See, Wilran et al., (2001) PNAS 98: 13660-13664 
and the references cited therein. 

0.054 The biomaterials produced by the processes of the 
present invention may be used in a variety of medical 
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applications Such as wound closure Systems, including vas 
cular wound repair devices, hemostatic dressings, patches 
and glues, Sutures, drug delivery and in tissue engineering 
applications, Such as, for example, Scaffolding, ligament 
prosthetic devices and in products for long-term or bio 
degradable implantation into the human body. A preferred 
tissue engineered Scaffold is a non-woven network of elec 
trospun fibers. 
0055 Additionally, these biomaterials can be used for 
organ repair replacement or regeneration Strategies that may 
benefit from these unique Scaffolds, including but are not 
limited to, Spine disc, cranial tissue, dura, nerve tissue, liver, 
pancreas, kidney, bladder, Spleen, cardiac muscle, Skeletal 
muscle, tendons, ligaments and breast tissues. 
0056. In another embodiment of the present invention, 
Silk biomaterials can contain therapeutic agents. To form 
these materials, the polymer would be mixed with a thera 
peutic agent prior to forming the material or loaded into the 
material after it is formed. The variety of different thera 
peutic agents that can be used in conjunction with the 
biomaterials of the present invention is vast. In general, 
therapeutic agents which may be administered via the phar 
maceutical compositions of the invention include, without 
limitation: antiinfectives Such as antibiotics and antiviral 
agents, chemotherapeutic agents (i.e. anticancer agents); 
anti-rejection agents, analgesics and analgesic combina 
tions, anti-inflammatory agents, hormones Such as Steroids, 
growth factors (bone morphogenic proteins (i.e. BMPs 
1-7), bone morphogenic-like proteins (i.e. GFD-5, GFD-7 
and GFD-8), epidermal growth factor (EGF), fibroblast 
growth factor (i.e. FGF 1-9), platelet derived growth factor 
(PDGF), insulin like growth factor (IGF-I and IGF-II), 
transforming growth factors (i.e. TGF-beta.I-III), vascular 
endothelial growth factor (VEGF)); and other naturally 
derived or genetically engineered proteins, polysaccharides, 
glycoproteins, or lipoproteins. These growth factors are 
described in The Cellular and Molecular Basis of Bone 
Formation and Repair by Vicki Rosen and R. Scott Thies, 
published by R. G. Landes Company hereby incorporated 
herein by reference. 
0057 Silk biomaterials containing bioactive materials 
may be formulated by mixing one or more therapeutic 
agents with the polymer used to make the material. Alter 
natively, a therapeutic agent could be coated on to the 
material preferably with a pharmaceutically acceptable car 
rier. Any pharmaceutical carrier can be used that does not 
dissolve the foam. The therapeutic agents, may be present as 
a liquid, a finely divided Solid, or any other appropriate 
physical form. Typically, but optionally, the matrix will 
include one or more additives, Such as diluents, carriers, 
excipients, Stabilizers or the like. 
0058. The amount of therapeutic agent will depend on the 
particular drug being employed and medical condition being 
treated. Typically, the amount of drug represents about 0.001 
percent to about 70 percent, more typically about 0.001 
percent to about 50 percent, most typically about 0.001 
percent to about 20 percent by weight of the material. Upon 
contact with body fluids the drug will be released. 
0059. The biocompatible polymer may be extracted from 
the biomaterial prior to use. This is particularly desirable for 
tissue engineering applications. Extraction of the biocom 
patible polymer may be accomplished, for example, by 
Soaking the biomaterial in water prior to use. 
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0060. The tissue engineering scaffolds biomaterials can 
be further modified after fabrication. For example, the 
Scaffolds can be coated with bioactive Substances that func 
tion as receptorS or chemoattractors for a desired population 
of cells. The coating can be applied through absorption or 
chemical bonding. 

0061 Additives suitable for use with the present inven 
tion include biologically or pharmaceutically active com 
pounds. Examples of biologically active compounds include 
cell attachment mediators, Such as the peptide containing 
variations of the “RGD” integrin binding sequence known to 
affect cellular attachment, biologically active ligands, and 
Substances that enhance or exclude particular varieties of 
cellular or tissue ingrowth. Such Substances include, for 
example, osteoinductive Substances, Such as bone morpho 
genic proteins (BMP), epidermal growth factor (EGF), 
fibroblast growth factor (FGF), platelet-derived growth fac 
tor (PDGF), vascular endothelial growth factor (VEGF), 
insulin-like growth factor (IGF-I and II), TGF-, YIGSR 
peptides, glycosarninoglycans (GAGS), hyaluronic acid 
(HA), integrins, Selectins and cadherins. 
0062) The scaffolds are shaped into articles for tissue 
engineering and tissue guided regeneration applications, 
including reconstructive Surgery. The Structure of the Scaf 
fold allows generous cellular ingrowth, eliminating the need 
for cellular preseeding. The Scaffolds may also be molded to 
form external Scaffolding for the Support of in vitro culturing 
of cells for the creation of external Support organs. 
0.063. The scaffold functions to mimic the extracellular 
matrices (ECM) of the body. The scaffold serves as both a 
physical Support and an adhesive Substrate for isolated cells 
during in Vitro culture and Subsequent implantation. AS the 
transplanted cell populations grow and the cells function 
normally, they begin to Secrete their own ECM Support. 

0064. In the reconstruction of structural tissues like car 
tilage and bone, tissue shape is integral to function, requiring 
the molding of the Scaffold into articles of varying thickneSS 
and shape. Any crevices, apertures or refinements desired in 
the three-dimensional Structure can be created by removing 
portions of the matrix with Scissors, a Scalpel, a laser beam 
or any other cutting instrument. Scaffold applications 
include the regeneration of tissueS Such as nervous, muscu 
loskeletal, cartilaginous, tendenous, hepatic, pancreatic, 
ocular, integumenary, arteriovenous, urinary or any other 
tissue forming Solid or hollow organs. 
0065. The scaffold may also be used in transplantation as 
a matrix for dissociated cells, e.g., chondrocytes or hepato 
cytes, to create a three-dimensional tissue or organ. Any type 
of cell can be added to the scaffold for culturing and possible 
implantation, including cells of the muscular and skeletal 
Systems, Such as chondrocytes, fibroblasts, muscle cells and 
Osteocytes, parenchymal cells Such as hepatocytes, pancre 
atic cells (including Islet cells), cells of intestinal origin, and 
other cells Such as nerve cells, bone marrow cells, Skin cells, 
pluripotent cells and Stem cells, and combination thereof, 
either as obtained from donors, from established cell culture 
lines, or even before or after genetic engineering. Pieces of 
tissue can also be used, which may provide a number of 
different cell types in the same Structure. 
0.066 The cells are obtained from a suitable donor, or the 
patient into which they are to be implanted, dissociated 
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using Standard techniques and Seeded onto and into the 
Scaffold. In vitro culturing optionally may be performed 
prior to implantation. Alternatively, the Scaffold is 
implanted, allowed to Vascularize, then cells are injected 
into the Scaffold. Methods and reagents for culturing cells in 
Vitro and implantation of a tissue Scaffold are known to those 
skilled in the art. 

0067. The biomaterials of the present intention may be 
Sterilized using conventional Sterilization process Such as 
radiation based Sterilization (i.e. gamma-ray), chemical 
based Sterilization (ethylene oxide) or other appropriate 
procedures. Preferably the sterilization process will be with 
ethylene oxide at a temperature between 52-55. C. for a time 
of 8 hours or less. After sterilization the biomaterials may be 
packaged in an appropriate Sterilize moisture resistant pack 
age for Shipment and use in hospitals and other health care 
facilities. 

0068. The invention will be further characterized by the 
following examples which are intended to be exemplary of 
the invention. 

EXAMPLES 

Example I 

0069. Materials 
0070 Cocoons of B. mori silkworm silk supplied by 
Institute of Sericulture, Tsukuba, Japan. PEO with an aver 
age molecular weight of 4x105 g/mol and 9x105 g/mol 
(Aldrich) were used in blending. 
0071 Preparation of Regenerated B. mori Silk Fibroin 
Solutions 

0072 B. mori silk fibroin was prepared as follows as a 
modification of our earlier procedure 25). Cocoons were 
boiled for 30 min in an aqueous solution of 0.02 MNa2CO3, 
then rinsed thoroughly with water to extract the glue-like 
Sericin proteins. The extracted Silk was then dissolved in 12 
M LiBr solution at 60° C. yielding a 20% (w/v) solution. 
This Solution was dialyzed in water using a Slide-a-LyZer 
dialysis cassette (Pierce, MWCO 2000). The final concen 
tration of aqueous silk solution was 3.0 to 7.2 wt %, which 
was determined by weighing the remaining Solid after 
drying. HFIP silk solution (1.5 wt %) was prepared by 
dissolving the Silk fibroin produced after lyophilizing the 
acqueous silk solution into the HFIP. 
0073 Preparation of Spinning Solutions 
0074 Silk/PEO blends in water were prepared by adding 
PEO (900,000 g/mol) directly into the silk aqueous solutions 
generating 4.8 to 8.8 wt % silk/PEO Solutions. Silk solution 
in HFIP (1.5 wt %) and PEO (4.0 wt %) solution in water, 
respectively, were also prepared as control Solutions for 
comparisons with the blend systems. Silk solution in HFIP 
was prepared by dissolving the lyophilized silk fibroin in 
HFIP at room temperature. The viscosity and conductivity of 
the Solutions were measured with a Couette Viscometer 
(Bohlin V88) with a shear rate from 24.3 to 1216 per second, 
and a Cole-Parmer conductivity meter (19820) at room 
temperature, respectively. 
0075 Electrospinning 
0076 Electrospinning was performed with a steel capil 
lary tube with a 1.0 mm inside diameter tip mounted on an 
adjustable, electrically insulated Stand. The capillary tube 
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was maintained at a high electric potential for electroSpin 
ning and mounted in the parallel plate geometry. The cap 
illary tube was connected to a syringe filled with 10 ml of a 
silk/PEO blend or silk Solution. A constant volume flow rate 
was maintained using a Syringe pump, Set to keep the 
solution at the tip of the tube without dripping. The electric 
potential, Solution flow rate, and the distance between the 
capillary tip and the collection Screen were adjusted So that 
a stable jet was obtained. By varying the distance between 
the capillary tip and the collection Screen, either dry or wet 
fibers were collected on the Screen. 

0077 Solution Treatment of Electrospun Mat from Silk/ 
PEO Blend Solutions 

0078 Electrospun non-woven mats from silk/PEO blend 
solutions were immersed into a 90/10(v/v) methanol/water 
Solution for 10 min to induce an amorphous to B-sheet 
conformational transition of electrospun Silk fiber and then 
washed with water for 24 hours at room temperature and 
36.5°C., respectively, to remove PEO electrospun fiber from 
the mats. 

0079 SEM 
0080 Images of electrospun fibers were obtained with a 
LEO Gemini 982 Field Emission Gun SEM. 

0081 FT-IR 
0082 The infrared spectra were measured with a ATR 
FTIR (Bruker Equinox 55) spectrophotometer. Each spectra 
for Samples was acquired in transmittance mode on ZnSe 
ATR crystal cell by accumulation of 256 scans with a 
resolution of 4 cm and a spectral range of 4000-600 cm. 
0083) XPS 
0084. A Surface Science Inc. Model SSX-100 X-ray 
photoelectron spectrometer was used to analyze the Surface 
of the Silk films to estimate the Surface density of peptides. 
Survey scans (spot 1000 um, resolution 4, window 1000 eV) 
were performed using a flood gun (charge neutralizer) 
setting of 5 eV and nickel wire mesh held over the sample 
to prevent charging of the Sample Surface. 
0085 Properties of Silk/PEO Blend Solutions with Pure 
Silk and PEO Solutions 

0.086 Aqueous silk solutions without PEO did not elec 
troSpin; no fibers were formed because the Viscosity and 
Surface tension of the Solution were not high enough to 
maintain a stable drop at the end of the capillary tip. Higher 
concentrations of Silk in water to increase the Viscosity of the 
Solution resulted in gel formation. A stable drop at the end 
of the capillary tip was achieved once the PEO was added to 
the silk solution at the ratio shown in Table 1. The viscosity 
of pure Silk Solution was much lower than other Solutions, 
even at a high concentration of 7.2% as shown in FIG. 1. A 
small portion of PEO in the silk solution increased the 
viscosity of the blends. The viscosities of silk/PEO blend 
solutions depended on the amount of PEO. The conductivi 
ties of silk and silk/PEO blend solutions were higher than 
pure PEO Solutions at room temperature. All silk/PEO blend 
Solutions showed good properties related to Viscosity and 
conductivity in order to elecroSpin. 
0.087 Fiber Formation and Morphology of Electrospun 
Silk/PEO from Water Solutions 

0088. The addition of PEO to silk solutions generated a 
Viscosity and Surface tension Suitable for electroSpinning. 
Aluminum foils was used as the collection Screen. AS the 
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potential difference between the capillary tip and the alu 
minum foil counter electrode was gradually increased to 12 
kV, the drop at the end of the capillary tip elongated from a 
hemispherical shape into a cone shape, often referred to as 
a Taylor cone. The applied 12 kV resulted in a jet being 
initiated near the end of the capillary tip. The distance 
between the tip and the collector was 200 mm and flow rate 
of all fluid was 0.02 ml/min to 0.05 ml/min. Before all 
Solutions were electrospun, Teflon fluid was deposited on 
collection Screen to peel off the mat easily. 
0089. The morphology and diameters of the electrospun 
fibers produced were examined using high resolution low 
voltage SEM. All siLk/PEO blend solutions produced fine 
uniform fibers with less than 800 nm average fiber diameters 
(Table 1). The fiber size was compared between sericin 
extracted silkworm silk and electrospun fibers (No. 6) (FIG. 
2). The size of electrospun fiber was 40 times Smaller than 
the native silk fiber. The individual electrospun fibers 
appeared to be randomly distributed in the non-woven mat. 
A micrograph of the electrospun fibers from a silk/PEO 
Solution in water are shown in FIGS. 3A-3D. 

0090 XPS was used to estimate the surface composition 
of the mats. Table 2 shows the respective peak intensities of 
O1s, C1s or N1s of PEO, silk fibroin and siLk/PEO blends 
from electrospun mats. The ratios of N1S/C1s and O1S/C1s 
of the silk mat were 0.31 and 0.40, respectively. In the case 
of the silk/PEO mats, N1S/C1s decreased to 0.16 at mini 
mum and O1S/C1s increased to 0.49 at maximum. Based on 
these ratios we can estimate the fiber composition as shown 
in Table 2. 

0091 Solvent Treatment of Electrospun Mats 
0092. The mat was contacted with a 90/10 (v/v) metha 
nol/water solution for 10 minutes to induce crystallization of 
silk and then stored in warm water at 36.5 C. for 24 hours 
to extract PEO. The structure change of silk fiber between 
just elecrospun fiber and fiber after methanol treatment was 
observed by ATR-FTIR. As shown in FIG. 4, its structure 
was random coil or Silk I, when it was just electrospun. So 
it was easily Soluble in water and lost fiber Structure quickly. 
But, after methanol treatment, its structure was changed into 
beta-sheet in FIG. 4. So, even after it was stored in water, 
it showed fine fiber structure. 

0093 XPS was used to analyze the surface of the mat 
after methanol/water treatment and washing with water to 
estimate the surface composition. Table 2 shows the XPS 
spectra results of PEO, silk fibroin and silk/PEO blend 
electrospun mats. Their respective peak intensities of O2S, 
C1s or N1s are also shown in Table 2. The ratio of N1s and 
C1s of all blend mat was less than the silk mat (0.33) even 
after washing with water. Therefore the individual silk/PEO 
electrospun fibers have PEO phases inside. Based on these 
ratios we can estimate the composition of the Surface of the 
mat, relative of the Solution used in Spinning. 

Example II 

0094) Materials 
0.095 Cocoons of B. mori silkworm silk were obtained 
from M Tsukada, Institute of Sericulture, Tsukuba, Japan. 
PEO with an average molecular weight of 9x105 g/mol and 
polyethylene glycol (PEG) (3,400 g/mol) were purchased 
from Aldrich and used without further purification. 
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0096 Preparation of Regenerated B. mori Silk Fibroin 
Solutions 

0097 B. mori silk fibroin solutions were prepared by 
modifying the procedure described earlier 25). Cocoons 
were boiled for 30 min in an aqueous solution of 0.02 M 
Na2CO3, then rinsed thoroughly with water to extract the 
glue-like Sericin proteins. The extracted Silk was then dis 
solved in 9.3 M LiBr solution at room temperature yielding 
a 20 wt % Solution. This solution was dialyzed in water 
using a Slide-a-Lyzer dialysis cassette (Pierce, MWCO 
2000) for 48 hrs. The final concentration of aqueous silk 
solution was 7.0 to 8.0 wt %, which was determined by 
weighing the remaining Solid after drying. 
0.098 Preparation and Treatment of Blend Films 
0099 Various silk blends in water were prepared by 
adding 4 wt % PEG or PEO Solutions into the silk aqueous 
solutions. The blending ratios (silk/PEG or PEO) were 
100/0, 95/5, 90/10, 80/20, 70/30 and 60/40 (w/w). The 
solutions were mildly stirred for 15 min at room temperature 
and then cast on polystyrene Petri dish Surfaces for 24 hrs at 
room temperature in a hood. The films then placed vacuum 
for another 24 hrs. Silk fibroin and blend films were 
immersed in a 90/10(v/v) methanol/water solution for 30 
min to induce an amorphous to 3-sheet conformational 
transition of the silk fibroin. After crystallizing the silk and 
silk/PEG or PEO blends using methanol, their solubility in 
water, 17 MS2 at 37 C., was determined for 48 hrs. This 
Solubility test was performed in shaking incubator and 
shaking speed was 200 rpm. It was expected that just PEG 
or PEO would dissolve. Solubility was calculated by weight 
balance between before and after PEG or PEO extraction. 

0100 Characterization 
0101 Fractured surfaces of silk and silk/PEG or PEO 
blend films were imaged using a LEO Gemini 982 Field 
Emission Gun SEM. ASurface Science Inc. Model SSX-100 
X-ray photoelectron Spectrometer was used to analyze the 
surface of the silk films to estimate the surface density of silk 
peptide versus PEO. Survey scans (spot 1000 um, resolution 
4, window 1000 eV) were performed using a flood gun 
(charge neutralizer) setting of 5 eV and nickel wire mesh 
held over the Sample to prevent charging of the Sample 
Surface. 

0102) A differential scanning calorimeter, DSC (2920 
Modulated DSC) from TA Instruments, was utilized to 
determine the thermal properties of the silk and blended 
films. Indium was used to calibrate temperature and the 
Sample was Sealed in aluminum pan. Each Scans were 
performed -20° C. to 320° C. with a rate of 10° C./min. 
Sample were cooled to -100° C. at 20° C./min 
0103 Contact Angle Analysis 
0104. The contact angle using Millipore purifed water 
droplet, 17 MC2, on the silk and blend films was measured 
to determine Surface hydrophilicity. The water droplet, 
approximately 5 ul, was applied using a Syringe and 
22-gauge needle, and the Static contact angle measured 
using a goniometer (Rame-Hart, Inc.). This analysis was 
performed after methanol treatment. 
0105 Mechanical Properties of Silk and Blend Films 
0106 The tensile properties of specimens (5x50x0.2 
mm) were measured with a crosshead speed of 15 mm/min 
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using Instron tensile tester at ambient condition. Gauge 
length was set 30 mm and initial load cell of 100 kgf was 
applied. The tensile strength per cross-sectional area (kg/ 
mm2) and the ratio of the relative elongation to the initial 
film length at break (%) were determined from an observa 
tion of the StreSS-Strain curves. 

01.07 Blending Silk with PEG or PEO 
0108 PEG and PEO were selected for blending with silk 
to improve Silk film properties with aqueous processability 
and biocompatibility as key criteria PEG or PEO were 
studied for blending (with molecular weights of 3,400 and 
900,000 g/mol, respectively). Silk/PEG or PEO films were 
first prepared to identify concentrations of the components 
useful in materials processing. The films were cast from 
water Solutions onto polystyrene Petri dish in various ratioS 
(Table 4) and dried overnight. In the case of silk and PEG 
(3,400 g/mol) blends, the two components separated mac 
roscopically into two phases during film formation through 
out the range of compositions Studied. Poorer quality films 
formed from all blend ratios except silk/PEG (98/2). Blends 
from silk/PEG were immersed in a 90/10(v/v) methanol/ 
water Solution for 30 min to content the fibroin to the 
insoluble f-sheet Structure. After this crystallization process, 
phase Separation was more pronounced because the PEG 
phases became opaque while the Silk phase was still trans 
parent. Because the phase separation in the silk/PEG (60/40) 
blend was the most pronounced, further characterization was 
not considered on silk/PEG (60/40) blends. However, in the 
case of silk and PEO (900,000 g/mol) blends, no macro 
Scopic phase Separation occurred between two components 
throughout the range of components Studied. 
0109) Aqueous Solubility of Blend Films 
0110 Solubility was calculated by weight balance 
between before and after PEO or PEG extraction, as shown 
in Table 5. Silk or blend films were separated into 6 parts, 
3 parts of which were put into 3 independent glass Vials for 
solubility testing at 12, 24 and 48 hrs. Up to 48 hrs, pure silk 
fibroin films did not show Significant weight loSS Since they 
had been crystallized in methanol for 30 min before solu 
bility testing. The slight weight change (~0.6%) during the 
test was believed to be due to the subtle effects of physical 
Shear due to the Vigorous Shaking. Errors in the range of 1% 
were considered insignificant throughout the study. FIGS. 
5A-5B showed the percentage weight loss of silk and 
siLk/PEO or PEG blends according to time. In the case of 
silk/PEO blends, they showed relatively even weight loss 
throughout the range of compositions due to water Solubility 
of PEO in the blends (FIG. 5A). 
0111. DSC 
0112 Thermal properties of silk and silk/PEO blends 
were observed by DSC before and after methanol treatment 
(FIGS. 6 and 7). DSC thermograms of the regenerated silk 
films are shown in FIG. 6(a) and FIG. 7(a), which are 
before and after methanol treatment, respectively. FIG. 6(a) 
shows an exothermic peak at about 88.2 C., attributed to the 
crystallization of silk fibroin induced by heat, and three 
endotherms at around 54.2, 137.7 and 277.9° C., attributed 
to the glass transition temperature, water evaporation and 
thermal degradation of silk fibroin, respectively B50). On 
the other hand, FIG. 7(a) shows an endotherm at 278 C. 
without any trace of exothermic transition. This behavior is 
due to beta-sheet Structure formation of Silk film during 
methanol treatment 51. 
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0113. In FIG. 6, overlapping of the characteristic thermal 
transitions of silk fibroin and PEO from 54.2 to 64.2 C. in 
blends Seems the main feature emerging from the above 
DSC results. However, some changes appearing in the DSC 
pattern of blend films with high PEO content (more than 20 
wt %) may suggest that a certain degree of interaction was 
established between silk fibroin and PEO. We mainly refer 
to the shift to lower temperature of the peak of PEO melting 
temperature and the disappearance of the crystallization 
peak of silk at 87 to 88 C., as well, with increasing PEO 
content in the blends. These effects can be interpreted as a 
decrease of PEO crystallization temperature in the blends 
and a prevention of the silk crystallization after PEO melts 
in the blends, due to the interaction of silk and PEO 
molecules. Otherwise, after methanol treatment of all 
samples, FIG. 7 shows the melting temperature of PEO in 
the blends shifted just slightly because of mostly the phase 
separation between silk and PEO domain by the crystalli 
zation of silk. As it is shown in SEM observation as 
following, the two components formed micro phase Sepa 
ration in the blends. 

0114) Even though the maximum thermal degradation 
temperature Seems to be leSS affected by methanol treat 
ments and blending with PEO and its ratio, Some changes 
were observed, Such as a slight broadening of the decom 
position endotherm with increasing the amount of PEO on 
the blend in the case of blends before methanol treatment. 

0115) XPS 
0116 XPS was used to estimate the surface composition 
of the films. Table 6 shows the respective peak intensities of 
O1s, C1s or N1s of silk fibroin and silk/PEO blend films 
before and after methanol treatments. The ratios of N1S/C1s 
were used to estimate the composition of silk and PEO 
before and after methanol treatments from the Surface of 
films. Based on these ratios we can estimate the blend film 
composition as shown in Table 6. As the PEO portion was 
increased, the N1S/C1s of all blends was decreased in both 
of before and after methanol treatment Especially, the N1S/ 
C1s after methanol treatment on blend films was much lower 
than before methanol treatment. It could be estimated that 
the PEO part migrates into the surface of film by phase 
Separation during methanol treatment, because of Silk 
B-sheet formation. Since silk is relatively hydrophobic, it 
might be anticipated a lower content of Silk on the film 
Surface treated in methanol could be anticipated. However, 
the N1s/C1s ratio of silk/PEO (90/10) was increased after 
methanol treatment 

0117 SEM 
0118. The fractured cross section side and surface mor 
phologies of the silk and silk/PEO or PEG blend films were 
examined using high resolution low voltage SEM after PEG 
or PEO extraction in warm water at 37 for 48 hrs. While the 
pure silk fibroin film exhibited a dense and uniform micro 
structure, the fractured Surfaces of all silk/PEO blends 
showed a rough morphology due to the micro phase Sepa 
ration. The higher the PEO content in the films up to 40 wt 
%, the denser the film morphology based on croSS Sections. 
The silk/PEO (90/10) blend showed the least dense mor 
phology from the fractured Surfaces, which demonstrates 
that the PEO portion of the blend does not migrate to the 
Surface during methanol treatment. This conclusion Supports 
the SPS data. The silk/PEG blend films, unlike the silk PEO 
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Systems, did not show a different morphology than that Seen 
with the pure silk fibroin films. 
0119) Contact Angle Measurements 
0120) The contact angle was measured on the silk and 
silk/PEO blend films after methanol treatment as shown in 
Table 7. The hydrophilicity of Surface was increased with 
increasing the PEO ratio of the blend. 
0121 Mechanical Properties 
0.122 The values of tensile modulus, rupture strength and 
elongation of silk and silk/PEO blend films are shown in 
Table 8. The pure silk film displayed the typical behavior of 
brittle materials. The addition of 2 wt % PEO to Silk fibroin 
was effective in inducing a slight improvement of the 
mechanical properties of blend films. In other ratios of 
blend, tensile modulus and Strength decreased with increas 
ing the PEO content. However, elongation at break was 
increased slightly up to 10.9% in silk/PEO (60/40) blends. 
Methanol treatment of these Samples did not significantly 
change the mechanical properties. 
0123 Drawing (Stretching) of Silk Blend Film 
0124 PEO02BM (silk/PEO 98/02 wt %) film blend 
Sample was Soaked in water for 5 minutes at room tempera 
ture and then Stretched two times its original length. Then, 
the sample was dried at ambient conditions for 48 hrs 
followed by tensile testing on an Instron. 

Tensile Modulus Tensile Strength Elongation at Break 
Samples (GPa) (MPa) (%) 

PEOO2BM 3.3 63 5.7 
PEOO2ST? 2.3 88 41 

"BM: before methanol treatment, 
°ST: stretched 

Example III 

0125 Methods 
0.126 Cocoons of B. mori silkworm silk were kindly 
supplied by M. Tsukada, Institute of Sericulture, Tsukuba, 
Japan. PEO with an average molecular weight of 9x105 
g/mol (Aldrich) was used in the blends. 
0127 Preparation of Silk Matrices and Regenerated B. 
Mori Silk Fibroin Solutions 

0128. To prepare the silk matrices for cell seeding experi 
ments, white Brazilian raw Bombyx mori silkworm fibers 
were extracted for 1 hour at 90° C. in an aqueous solution 
of 0.02 M Na2CO3 and 0.3% (w/v) detergent as previously 
described 33 to remove Sericin, the antigenic glue-like 
proteins that encapsulate the fibroin fibers following Secre 
tion from the Silkworm. A 3-cm long Silk wire-rope matrices 
consisting of 540 Silk fibers (pre-extraction) were generated 
for use in this study by crimping ends with Stainless Steel 
316L collars (1 cm in length, 2.2 mm I.D., 3 mm O.D.). 
0.129 Regenerated B. mori silk fibroin solutions was 
prepared as a modification of our earlier procedure. Cocoons 
were boiled for 30 mm in an aqueous solution of 0.02 M 
Na2CO3, and then rinsed thoroughly with water to extract 
sericin proteins 25). The extracted silk was then dissolved 
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in 9.3 M LiBr solution at 60° C. yielding a 20% (w/v) 
Solution. This Solution was dialyzed in water using a Slide 
a-Lyzer dialysis cassette (Pierce, MWCO 3500). The final 
concentration of aqueous Silk Solution was 8.0 wt %, which 
was determined by weighing the remaining Solid after 
drying. 

0130 Preparation of Spinning Solulions 
0131 Silk/PEO blends (80/20 wit/wt) in water were pre 
pared by adding 5 ml of 5.0 wt % PEO (900,000 g/mol) into 
20 ml of 8 wt % silk aqueous solution generating 7.5 wt % 
silk/PEO Solutions. To avoid the premature formation of 
B-sheet Structure during blending the two Solutions, the 
Solutions were stirred gently at low temperature, 4 C. 
0132 Electrospinning 
0.133 Electrospinning was performed with a steel capil 
lary tube with a 1.5 mm inside diameter tip mounted on an 
adjustable, electrically insulated Stand as described earlier 
9, 32. The capillary tube was maintained at a high electric 
potential for electroSpinning and mounted in the parallel 
plate geometry. The capillary tube was connected to a 
syringe filled with 10 ml of a silk/PEO blend solution. A 
constant Volume flow rate was maintained using a Syringe 
pump, Set to keep the Solution at the tip of the tube without 
dripping. The electric potential, Solution flow rate, and the 
distance between the capillary tip and the collection Screen 
were adjusted So that a stable jet was obtained. By varying 
the distance between the capillary tip and the collection 
Screen, either dry or wet fibers were collected on the Screen. 
0134) Treatment of Electrospun Mats 
0135 Electrospun non-woven mats from siLk/PEO blend 
solutions were immersed into a 90/10 (v/v) methanol/water 
Solution for 10 mm to induce an amorphous to Silk B-sheet 
conformational transition, and then washed with water for 
48 hours at 37° C. to remove PEO from the mats. This 
proceSS was performed in a shaking incubator at 50 rpm. 
Two Sets of electrospun mats were Studied for cell interac 
tions, with and without PEO present. 
0136) XPS 
0137 A Surface Science Inc. Model SSX-100 X-ray 
photoelectron spectrometer was used to analyze the Surface 
of the silk films to estimate the surface density of silk versus 
PEO. Survey scans (spot 1000 um, resolution 4, window 
1000 eV) were performed using a flood gun (charge neu 
tralizer) setting of 5 eV and nickel wire mesh held over the 
Sample to prevent charging of the Sample Surface. 

0138). DSC 
0139 A differential scanning calorimeter (DSC) (2920 
Modulated DSC) from TA Instruments was utilized to deter 
mine the thermal properties of the electrospun fibers. Indium 
was used to calibrate temperature and the Sample was Sealed 
in an aluminum pan. Each Scan was performed between 
-20 C. to 100° C. with a rate of 10° C./mm. 

0140 Optical Polarizing Microscopy 
0141 AZeiss Axioplan 2 with digital camera and Linkam 
LTS 120 hot stage was used to observe the morphologies of 
the electrospun fiber. The images were taken and compared 
before heating the fiber at room temperature and after 
heating to 100° C. at a rate of 5° C. 
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0.142 Mechanical Properties of Electrospun Mats 
0143. The mechanical properties of specimens (8x40x 
0.5) (mm) were measured with a crosshead speed of 20 
mm/mm using an Instron tensile tester at ambient condition. 
Gauge length was set at 20 mm and an load cell of 100 kg 
f was used. The tensile Strength per cross-sectional area 
(kg/mm) and the ratio of the relative elongation to the initial 
film length at break (%) were determined from an observa 
tion of the StreSS-Strain curves. All Samples were Stored in 
Vacuum at room temperature before test. Each test was 
performed 5 times. 

0144) Cells and Matrix Seeding 
0145 BMSCs were isolated, cultured expanded and 
stored as previously described 33). Briefly, human unproc 
essed whole bone marrow aspirates were obtained from 
donors <25 years of age (Clonetic-Poietics, Walkersville, 
Md.), resuspended in Dulbecco Modified Eagle Medium 
(DMEM) supplement with 10% fetal bovine serum (FBS), 
0.1 mM nonessential amino acids, 100 U/ml penicillin and 
100 mg/L streptomycin (P/S), and 1 ng/ml basic fibroblast 
growth factor (bFGF) and plated at 8 ul aspirate/cm2 in 
tissue culture polystyrene; non-adherent hematopoietic cells 
were removed with the culture medium during medium 
eXchange after 4 days. Thereafter, medium was changed 
twice a week. Primary BMSCs were detached prior to 
confluency using 0.25% typsin/1 mM EDTA and replated at 
5x103 cells/cm2. First passage (P1) hBMSCs near conflu 
ency were trypsinized and frozen in 8% DMSO/1O % 
FBS/DMEM for future use. 

0146) Frozen P1 hBMSCs were defrosted and replated at 
5x10 cells/cm2 (P2), trypsinized when near confluency, and 
used for matrix Seeding. Electrospun fibroin mats (1 cmx1 
cm) were incubated with 70% alcohol for 30 minutes 
followed by an extensive Washing procedure with Sterile 
PBS before cell seeding. Matrices were seeded with cells 
(25000 cells/cm2) by direct pipetting of the cell suspension 
onto the silk matrices and incubated at 37 C./5% CO in 2 
ml of cell culture medium without bFGF for the duration of 
the experiment. The cell culture medium was changed every 
4 dayS. 

0147 For seeding BMSCs to silk native fiber matrices, 
gas sterilized (ethylene oxide) silk matrices (3 cm in length) 
were placed in a custom designed Teflon Seeding chamber to 
increase cell-matrix interaction. The chamber has twenty 
four wells, each 3.2 mm wide by 8 mm deep by 40 mm long 
(1 ml total volume). Matrices were inoculated with 1 ml of 
cell Suspension at a concentration of 2x106 cells/ml by 
direct pipetting, incubated for 2 hours at 37 C./5% CO and 
transferred to tissue culture flasks for the duration of the 
experiment in an appropriate amount of cell culture medium 
without bFGF. Following seeding, the silk matrices were 
cultured in an appropriate amount of DMEM (10% FBS) for 
1 day and 14 dayS. 

Cell Proliferation Assays 

0148 Cell Counting 

0149. After 1, 7 and 14 days, the silk mats were har 
vested, washed with PBS to remove non-adherent cells, then 
incubated in 0.5 ml of 0.25% typsin/1 mM EDTA at 37° C. 
for 5 minutes. The trypsinization was stopped by adding 0.5 
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ml of culture medium containing 10% FBS to each sample. 
The cell numbers were then counted by using a hematocy 
tometer and microScope. 
0150 MTT 
0151 Cell proliferation was measured by 3-4,5-dimeth 
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) 
(Sigma, St. Louis, Mo.) staining. After 14 days, Seeded silk 
matrices or silk mats were incubated in MTT solution (0.5 
mg/ml, 37° C./5% CO2) for 2 hours. The intense red colored 
formazan derivatives formed was dissolved and the absor 
bance was measured with a microplate spectrophotometer 
(Spectra Max 250, Molecular Devices, Inc, Sunnyvale, 
Calif.) at 570 nm and the reference wavelength of 690 nm. 
0152 Scanning Electron Microscopy (SEM) 
0153 SEM was used to determine cell morphology 
seeded on the silk fibroin. Following harvest, seeded silk 
matrices were immediately rinsed in 0.2 M Sodium cacody 
late buffer, fixed in Karnovsky fixative (2.5% glutaraldehyde 
in 0.1 M sodium cacodylate) overnight at 4 C. Fixed 
Samples were dehydrated through exposure to a gradient of 
alcohol followed by Freon (1,1,2-trichlorotrifluoroethane, 
Aldrich, Milwaukee, USA) and allowed to air dry in a fume 
hood. Specimens were examined using LEO Gemini 982 
Field Emission Gun SEM (high resolution low voltage 
SEM) and JEOL, JSM-840A SEM. 
0154 Results and Discussion 
0155) Electrospinning of Silk/PEO Solutions 
0156. In order to increase the viscosity of aqueous silk 
solution (8 wit %), PEO (MW 900K) was added with the 
ratios of 4/1 (siLk/PEO wit/wt) shown in Table 9 as described 
above and in our previous work 32). The viscosity and 
surface tension of the pure silk solution (8 wit%) were not 
high enough to maintain a stable drop at the end of the 
capillary tip. The addition of PEO to silk solutions generated 
a Viscosity and Surface tension Suitable for electroSpinning. 
The distance between the tip and the collector was 21.5 cm 
and flow rate of the fluid was 0.03 ml/min. As the potential 
difference between the capillary tip and the aluminum foil 
counter electrode was gradually increased 12.5 kV (E=0.6 
kV/cm), the drop at the end of the capillary tip elongated 
from a hemispherical shape into a cone shape. The mor 
phology and diameters of the electrospun fibers were exam 
ined using SEM. Silk/PEO blend solution produced fine 
uniform fibers with 700 nmit50 average fiber diameters 
(Table 9). The individual electrospun fibers appeared to be 
randomly distributed in the non-woven mat 
O157 The electrospun fibers from the blend solution were 
observed by optical microscopy with a hot Stage. The 
melting temperature of PEO is around 60° C. 78 and silk 
fibroins do not show any thermal transitions up to 100 C. 
79). FIG. 8(a) was taken at room temperature and FIG. 
8(b) after heating to 100° C. at a rate of 5° C./min. This 
result confirms that both polymer (PEO and silk fibroin) 
were presenting Single in the electrospun fibers. The fact that 
fibers remained intact in both temperatures shows that the 
melt out of PEO didn’t have any effect on their morphology 
and Structure. Therefore, the fiber integrity depends only on 
silk fibroin. 

0158 Electrospun mats were treated with methanol to 
eliminate solubility in water. The surface composition of the 
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mats before and after methanol treatment was determined by 
XPS (Table 3). The respective peak intensities of O1S, C1S 
or N1S of two silk/PEO blends from electrospun mats are 
illustrated. The ratios of N1S/C1S of the mat was 0.23 
before methanol treatment. After methanol treatment, the 
N1S/C1S increased to 0.28 (Table 3) as expected due to 
solubility of PEO in methanol. When PEO was extracted 
from the mat at 37° C. in water for 2 days, the N1S /C1S 
increased to 0.31, which did not change even after 7 dayS. 
Therefore, after the PEO extraction during 2 days, almost all 
the PEO had been extracted. DSC measurements confirmed 
the elimination of PEO by this treatment as well (FIG. 9). 
After methanol treatment, the electrospun mats showed a 
melting temperature peak for PEO around 56.5°C. (FIG.9), 
after extraction in water the peak was absent. To observe 
delicate Surface morphology of electrospun fiber, high reso 
lution low voltage SEM was used without a conductive 
coating on the Sample. After methanol treatment, a Surface 
morphology of electrospun mat was observed and each 
individual fiber showed the fibril structure with around 110 
nm from its Surface Similar to degummed native Silk fiber 
(FIG. 10(a)) (67). Even after PEO extraction from the 
electrospun mats, Surface morphology was maintained 
(FIGS. 10(b) and (c)). Two sets of electrospun mats with and 
without PEO present were compared with native silk fibro in 
fibers for cell interactions. 

0159. The values of tensile modulus, strength and elon 
gation of electrospun mats are shown in FIG. 11. The 
Scaffold structure must provide Sufficient mechanical prop 
erties during the process of tissue regeneration. After metha 
nol treatment of electoSpun mats, its tensile modulus, tensile 
strength and elongation values were 624.9+0.9 MPa, 
13.6+1.4 MPa and 4.0+2.0%, respectively. By B-sheet struc 
ture formation of electrospun Silk fibroin during methanol 
treatment 32, its tensile modulus and strength was higher 
and elongation was lower than before methanol treatment. 
After PEO extraction from electrospun mats, its mechanical 
properties were largely decreased due to brittleneSS as 
shown in regenerated silk fibroin films 39). The existence of 
PEO was effective in the improvement of the mechanical 
properties of electrospun mats. Even though its elongation 
was decreased after methanol treatment, toughness was 
much higher before PEO than after PEO extraction. Elec 
trospun Silk fibroin mats in this study were comparable with 
other biodegradable electropSun mats using PGA 80, 
PLGA 81), collagen 82), collagen/PEO blends 83 that 
were used as Scaffolds for tissue regeneration. 
0160 Cell Culture Experiments 
0.161 A tissue engineering Scaffold material must Support 
cellular attachment and growth. To evaluate cellular behav 
ior on the electrospun fibroin, BMSCs were seeded and 
cultivated on the PEO non-extracted or extracted samples 
placed in Petri dishes. At 24 hours after Seeding, it was 
observed that the PEO extracted silk mats were Surrounded 
by cells growing on tissue culture plastic. In contrast, few 
cells were observed around the non-extracted mats (FIG. 
12). This phenomenon may suggest that at day 1, PEO was 
released from the non-extracted silk mats which kept BMSC 
from attaching to the Surrounding area. The cell number 
from day 1 showed that 50% more cells were attached to 
PEO-extracted silk mats when compared with non-extracted 
silk mats. BMSC attachment to silk mats was confirmed by 
SEM (FIG. 13). Cells were observed on both PEO extracted 
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and non-extracted mats 1 day after cell Seeding, but with a 
higher density on the PEO extracted samples which cope 
with the data from cell counting experiment. Presumably the 
soluble PEO released from the non-extracted mats during 
incubation kept the cells from attaching to the fibers, due to 
the hydrophilic nature of the PEO 84), which limits protein 
adsorption 85-87). While the cells on non-extracted mats 
stayed on the surface of the material (FIG. 14(a)), some 
cells migrated underneath the silk fibers on PEO extracted 
mats (FIG. 14(b)). However, after 14 days, the cells grew 
among fibers and covered the majority of the Surface on both 
of the extracted and non-extracted fibers (FIGS. 14(c) and 
(d)). 
0162. In both extracted and non-extracted groups, the cell 
numbers were significantly increased (p<0.01) at day 7 when 
compared with day 1, which suggests cell growth (FIG. 15). 
Cell number on PEO extracted mats was significantly higher 
(p<0.05) by approximately 88% compared to the cell num 
ber on the non-extracted silk mats. Most parts of the PEO 
extracted and non-extracted mats were densely populated 
with BMSCs after 7 days of cultivation; a cell sheet and 
possible ECM covered the surfaces as determined by SEM 
(FIG. 13). This may explain the result that after day 7, the 
cell growth showed a plateau in both groups. The difference 
in cell density at day 7 and day 14 between the PEO 
-extracted and non-extracted groups maybe due to differ 
ences in initial cell attachment caused by the existence of 
PEO. The presence of the PEO did not affect cell growth, 
which may be due to the fact that the PEO was extracted at 
37 C. after a few days of incubation in cell culture medium. 
Our XPS results suggested that PEO was extracted after 
incubated the silk mats at 37° C. in water for 2 days (Table 
3). Parallel seeding experiments were performed on native 
silk fibers. BMSCs were seeded on native silk matrices and 
cultured for 1 day or 14 days. SEM analysis showed that a 
few cells attached on native silk fibers (which have a 
diameter of ~15um on average) at day 1 (FIG. 13). BMSCs 
reached confluency and appeared to fully cover the Silk 
matrices after 14 days of cultivation. BMSCs seeded and 
cultivated on the PEO extracted mats were present at higher 
densities compared to cells on the non-extracted mats. 
However, these differences were not significant (paO.O5) 
(FIG. 16). 
0163 Conclusions 
0164. Fine fiber mats with fibroin diameter 700+50 nm 
were formed from aqueous B. mori fibroin by electrospin 
ning with PEO with molecular weight of 900,000. PEO 
Supplied good mechanical properties to the electrospun 
mats, even though, initially, residual PEO inhibited cell 
adhesion. Within 1-2 days following PEO extraction, those 
effects were abolished and proliferation commenced. After 
14 days of incubation, the electrospun Silk mats Supported 
extensive BMSC proliferation and matrix coverage. The 
ability of electrospun silk matrices to support BMSC attach 
ment, spreading and growth in vitro, combined with a 
biocompatibility and biodegradable properties of the Silk 
protein matrix, Suggest potential use of these biomaterial 
matrices as Scaffolds for tissue engineering. 

0.165. It will be apparent to those skilled in the art that 
various modifications and variations can be made to the 
present invention without departing from the Spirit and 
Scope of the invention. Thus, it is intended that the present 
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invention cover the modifications and variations of this 
invention provided they come within the scope of the 
appended claims and their equivalents. 
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Yasmeski, M., Mikos, A., Bone Formation by three TABLE 1. 
dimensional Stromal osteoblast culture in biodegrad- Concentrations and Conductivities of Silk, PEO 
able polymer scaffolds, Journal of Biomedical Materi- Silk/PEO Blends and their Electrospun Fibers 
als Research, Vol. 36, 17-28, (1997). 

( ) Initial Conc. PEO Ratio to Average 
0256 90. Ishaug-Riley, S., Crane-Kruger, G., Yas- of Silk Silk Total Conductivity Fiber 
meski, M., Mikos, A., Three Dimensional culture of rat Solutions (%) (PEO/Silk) Conc. (%) (uS) Diam. 
calvarial Osteoblasts in porous biodegradable polymers, 
Biomaterials, Vol 19, 1405-1412, (1998). N. 1. 7. 1/3 8s 216.5 8OO 

0257) 91. Mingzhong L.; Zhengyu. W.; Changsheng Z.; No 2 7.2 1f4 8.3 191.9 6OO 
Shenzhou. L.; Haojing Y; Dong H.; Hulan Y. Study on No. 3 6.3 1f4 7.3 185.0 6OO 

- - - - - - - No. 5 6.O 1/3 7.4 209.O 8OO 

Porous silk Fibroin Materials ii. Preparation and Char- No 6 5.3 1/3 6.6 1822 6OO 
acteristic of spongy Porous Silk Fibroin Materials. No. 7 4.1 1/2 5.8 175.1 6OO 
Journal of Applied Polymer Science 2001, 79, 2192- No 8 3.0 2/3 4.8 1543 8OO 
2199 PEO 4.0 61.3 450 

0258 92. Agrawal M.; Ray R. Biodegradable poly 
meric Scaffolds for musculoskeletal tissue engineering. 0262) 

TABLE 2 

High-Resolution XPS Results from the Electrospun Silk, PEO, and 
Silk?PEO blends Surfaces 

O1s N1S C1s 

Binding Binding Binding Silk/PEO 
Element Energy atom 76 Energy Atom 76 Energy atom 7% N1s/C1s W/w 

PEO 531.2 37.4 284.6 62.6 Of1OO 
Silk 530.3 24.7 398.4 8.9 284.6 56.4 O.33 1OO/O 
No. 1 530.9 27.1 398.5 5.3 284.6 57.6 O.26 79/21 
No. 1 W2O 531.0 23.6 399.1 7.3 284.6 57.9 O.32 97/3 
No. 1 w37 531.3 23.7 399.3 284.6 59.0 O.29 88/12 
No. 2 530.9 26.5 398.6 5.0 284.6 58.5 O.26 79/21 
No. 2 w 530.9 22.4 399.1 7.8 284.6 59.8 O.30 91/9 
No. 2 w37 531.1 24.0 399.2 7.7 284.6 58.3 O.30 91/9 
No. 3 531.1 25.2 398.9 6.4 284.6 58.4 O.28 85/15 
No. 3 w 530.7 25.2 399.0 8.2 284.6 56.6 O.32 97/3 
No. 3 w37 531.1 23.2 399.0 6.3 284.6 60.5 0.27 82/18 
No. 5 530.8 28.4 398.6 3.8 284.6 57.8 O.24 73/27 
No. 5 w 531.O 25.1 399.0 6.3 284.6 58.6 O.28 85/15 
No. 5 w37 531.2 23.9 399.3 6.8 284.6 59.3 O.28 85/15 
No. 6 530.5 26.4 398.4 5.8 284.6 57.8 0.27 82/18 
No. 6 w2O 530.1 24.0 398.3 7.6 284.6 58.4 O.30 91/9 
No. 6 w37 531.3 23.2 399.3 7.4 284.6 59.4 O.29 88/12 
No. 7 530.7 26.4 398.4 4.2 284.6 59.4 O.24 73/27 
No. 7 w 530.9 24.5 399.1 7.7 284.6 57.8 O31 94f6 
No. 7 w37 530.9 23.5 398.9 7.9 284.6 58.6 O31 94f6 
No. 8 531.1 29.2 398.5 O1 284.6 6O.7 0.17 51f49 
No. 8 w 530.8 24.2 398.9 6.7 284.6 59.1 O.28 85/15 
No. 8 w37 530.8 24.9 398.5 7.5 284.6 57.6 O.30 91/9 

Journal of Biomedical Material resources 2001, 55, 0263) 
141-150. 

0259 93. Harris L.; Kim B.; Mooney D.; Open pore 
biodegradablematrices formed with gas foaming. Jour 

TABLE 3 

High-Resolution XPS Results from the Electrospun 
nal of Biomedical Material Research 1998, 42, 396- Silk?PEO Blends Surfaces 
402. 

O1 N1 C1 
0260 94. Hutmacher D. Scaffolds in tissue engineer- S - N - - - 
ing bone and cartilage. Biomaterials 2000. 21, 2529- Binding Binding Binding 
2543. Energy Energy Energy N1sf 

I o o o 0261 95. Hutmacher D. Scaffold design and fabrica- Element (eV) Atom 96 (eV) Atom 7% (eV) atom 96 C1s 
tion technologies for engineering tissues-State of the BM 530.9 24.3 398.6 14.4 284.6 61.3 0.23 
art and future perspectives. Journal of biomaterial Sci- AM2 530.9 24.7 398.8 16.4 284.6 58.9 O.28 
ence polymer science Edn 2001. 12, 107-124. 



US 2005/0260706 A1 Nov. 24, 2005 

TABLE 3-continued TABLE 5-continued 

High-Resolution XPS Results from the Electrospun Weights (mg) of silk and silk blend films before and after 
Silk?PEO Blends Surfaces PEG or PEO extraction at 37° C. for 48 hrs. 

O1s N1S C1s Silk? 
PEG 

Binding Binding Binding or PEO Extraction Silk/PEO Silk/PEG 
Energy Energy Energy N1sf 

Element (eV) Atom 96 (eV) Atom 7% (eV) atom 9% C1s Blend Time (hr) Before After Before After 

EX23 530.9 24.4 398.9 17.8 284.6 57.8 O31 90/10 12 79.4 70.0 (71.5) 66.6 46.9 (59.9) 
EX74 530.8 24.1 398.4 18.0 284.6 57.9 O31 24 79.1 70.6 (71.2) 74.O 66.4 (66.6) 

48 74.1 64.3 (66.7) 76.4 67.9 (68.8) 
"BM: before methanol treatment, 80/20 12 59.2 51.1 (47.4) 58.9 49.0 (47.1) 
°AM: after methanol treatment, 24 54.1 46.7 (43.3) 58.6 47.4 (46.9) 
EX: after PEO extraction in water for 2 days, 4 after PEO extraction in 48 53.8 45.5 (43.0) 58.8 46.5 (47.0) 
water for 7 days. 70/30 12 66.2 52.2 (46.3) 90.0 59.7 (63.0) 

24 74.2 58.3 (51.9) 114.2 79.5 (79.9) 
0264) 48 59.8 45.6 (41.9) 69.3 49.2 (48.5) 

TABLE 4 

Silk fibroin/PEG or silk fibroin/PEO blend composition 

Silk PEG PEO Sik/PEG Silk?PEG Silk/PEO Blend Ratio 
fibroin stock stock or PEO Blend Blend Sik/PEG or 

stock solution solution solution weight ratio Conc. Conc. PEO 
(wt %) (wt %) (wt %) in blend (wt %) (wt %) (wt?wt) 
8.0 - 8.0/0 8.0 8.0 98/2 
8.0 1O.O 4.0 8.0/0.16 8.0 7.8 98/2 
8.0 1O.O 4.0 8.0/0.89 8.2 7.3 90/10 
8.0 10.0 4.0 8.0/2.00 8.3 6.7 80/20 
8.0 1O.O 4.0 8.0/3.43 8.5 6.1 70/30 
8.0 1O.O 4.O 8.0/5.33 8.7 5.7 60/40 

0265 
TABLE 5-continued 

TABLE 5 
Weights (mg) of silk and silk blend films before and after 

Weights (mg) of silk and silk blend films before and after - PEG or PEO extraction at 37 C. for is his 
PEG or PEO extraction at 37° C. for 48 hrs. 

Silk? 
Silk? PEG 
PEG or PEO Extraction Silk/PEO Silk/PEG 

or PEO Extraction Silk/PEO Silk/PEG 
Blend Time (hr) Before After Before After 

Blend Time (hr) Before After Before After 60/40 12 57.8 39.8 (34.7) 
1OO/O 12 96.2 95.6 -? 24 63.8 42.5 (38.3) 

24 89.2 88.6 48 51.7 33.6 (31.0) 
48 106.8 105.2 

98/2 12 82.2 80.6 (80.9) 67.2 64.2 (65.8) Earenthesis: calculated silk weight from the blend films. 
24 76.7 75.5 (75.2) 40.4 39.5 (39.6) Not measured. 
48 95.7 91.2 (93.8) 45.6 41.4 (44.7) 

0266 

TABLE 6 

High-Resolution XPS Results from the Silk, PEO, and Silk/PEO 
blend film surfaces before and after methanol treatment. 

O1s N1S C1s 

Binding Binding Binding 
Energy Energy Energy 

Element (eV) Atom 9% (eV) Atom 7% (eV) atom 9% N1s/C1s Silk/PEO 

Silk 53O3 24.6 398.4 14.9 284.6 60.5 O.25 1OO/O 
PEOO2B 530.9 24.2 398.5 14.4 284.6 61.4 O.23 92/8 
PEO1OB 530.9 29.0 398.6 1.O.O 284.6 61.O O16 64/36 
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TABLE 6-continued 

High-Resolution XPS Results from the Silk, PEO, and Silk/PEO 
blend film surfaces before and after methanol treatment. 

O1s N1S C1s 

Binding Binding Binding 
Energy Energy Energy 

Element (eV) Atom 9% (eV) Atom 7% (eV) atom 9% N1s/C1s 
PEO2OB 531.1 25.3 398.9 12.4 284.6 62.3 O.2O 
PEO3OB 530.8 25.1 398.6 13.0 284.6 61.9 O.21 
PEO4OB 530.5 24.6 398.4 12.O 284.6 63.4 O.19 
PEOO2A 530.7 23.8 398.4 13.4 284.6 62.8 O.21 
PEO1OA 531.1 23.7 398.5 11.4 284.6 64.9 0.17 
PEO2OA 530.5 29.3 398.4 7.4 284.6 6.3.3 O.12 
PEO3OA 530.7 18.3 398.4 9.5 284.6 72.2 O.13 
PEO40A 531.1 27.0 398.5 6.4 284.6 66.6 O.10 

0267 

TABLE 7 

Contact angle measurement of silk and silk/PEO 
blend films after methanol treatment 

Sample SILKAM PEOO2AM PEO10AM PEO2OAM PEO30AM 

Angle() 81 2 76.2 - 2 72.2 - 1 68.0 - 1 68.0 - 1 

0268) 

TABLE 8 

Mechanical properties of the silk and silk/PEO 
blend films before and after ethanol treatment 

Tensile Modulus Tensile Strength Elongation at 
Sample (GPa) (MPa) Break (%) 
SILKBM 3.9 O.7 47.2 6.4 1.9 O.7 
PEOO2BM 3.3 0.6 63.0 - 8.7 5.7 2.O 
PEO1OBM 3.2 O2 42.5 + 2.0 2.7 O.6 
PEO2OBM 2.7 O.3 28.9 2.8 1.9 O.7 
PEO3OBM 2.3 - 0.1 29.5 O.9 6.2 - 18 
PEO4OBM 2.O. O.O3 32.6 3.4 10.9 - 4.5 
SILKAM 3.5 + 0.9 58.8 16.7 2.1 + 0.4 
PEOO2AM 3.4 0.1 58.5 - 6.5 3.2 - 1.0 
PEO1OBM 3.2 - 0.1 43.3 4.7 2.6 O.3 
PEO2OBM 2.3 O2 27.9 3.0 2.1 O.2 
PEO3OBM 2.1 O2 29.2 + 5.3 4.9 - 1.6 
PEO4OBM 1.4 + 0.2 26.5 - 2.3 8.2 - 1.3 

1. A tissue engineered construct comprising a non-woven 
network of electrospun fibers and a mammalian cell, 
wherein Said fibers comprise a silk protein and a biocom 
patible polymer. 

2. The tissue engineered construct of claim 1, wherein the 
biocompatible polymer is Selected from the group compris 
ing polyethylene oxide (PEO), polyethylene glycol (PEG), 
collagen, fibronectin, keratin, polyaspartic acid, polylysine, 
alginate, chitosan, chitin, hyaluronic acid, pectin.polycapro 
lactone, polylactic acid, polyglycolic acid, polyhydroxyal 
kanoates, dextrans, polyanhydrides and other biocompatible 
polymers. 

3. The tissue engineered construct of claim 1, wherein the 
silk protein is fibroin. 
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Silk/PEO 

80/20 
84/16 
76/24 
84/16 
68/32 
48/52 
52/48 
40/60 

PEO40AM 

633 - 2 

4. The tissue engineered construct of claim 3, wherein 
Said fibroin is obtained from a Solution containing a dis 
Solved silkworm silk. 

5. The tissue engineered construct of claim 4, wherein the 
silkworm silk is obtained from Bombyx mori. 

6. The tissue engineered construct of claim 1, wherein 
Said Silk protein is obtained from a Solution containing a 
dissolved Spider Silk. 

7. The tissue engineered construct of claim 6, wherein the 
spider silk is obtained from Nephila clavipes. 

8. The tissue engineered construct of claim 1, wherein 
Said Silk protein is obtained from a Solution containing a 
genetically engineered silk. 

9. The tissue engineered construct of claim 1, wherein the 
fiber has a diameter in the range from 50 to 1,000 nm. 

10. The tissue engineered construct of claim 1, wherein 
Said fiber comprises an effective amount of a biologically 
active Substance that either promotes or prevents a particular 
variety of cellular tissue ingrowth. 

11. The tissue engineered construct of claim 10, the 
Substance is Selected from the group consisting of collagen, 
fibronectin, vironectin, Arg-Gly-Asp (RGD) and Tyr-Ile 
Gly-Ser-Arg (YIGSR) peptides, glycosaminoglycans 
(GAGS), hyaluronic acid (HA), integrins, Selectins and cad 
herins. 

12. The tissue engineered construct of claim 1, wherein 
the mammalian cell is Selected from the group consisting of 
hepatocytes, pancreatic Islet cells, fibroblasts, chondrocytes, 
Osteoblasts, exocrine cells, cells of intestinal origin, bile duct 
cells, parathyroid cells, thyroid cells, cells of the adrenal 
hypothalamic-pituitary axis, heart muscle cells, kidney epi 
thelial cells, kidney tubular cells, kidney basement mem 
brane cells, nerve cells, blood vessel cells, cells forming 
bone and cartilage, Smooth muscle cells, skeletal muscle 
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cells, oscular cells, integumentary cells, bone marrow cells, 
keratinocytes, pluripotent cells and Stem cells and combi 
nations thereof. 

13. A process for producing a Silk blend film, comprising 
the Steps of: 

(a) preparing an aqueous silk protein Solution; 
(b) adding a biocompatible polymer to the aqueous Silk 

fibroin Solution; 
(c) drying the resulting Solution of Step (b) to obtain a silk 

blend film; and 
(d) contacting the silk blend film with an alcohol and 

water Solution. 
14. The process of claim 13, wherein the silk protein is 

fibroin. 
15. The process of claim 13, wherein the biocompatible 

polymer is Selected from the group comprising polyethylene 
oxide (PEO), polyethylene glycol (PEG), collagen, fibronec 
tin, keratin, polyaspartic acid, polylysine, alginate, chitosan, 
chitin, hyaluronic acid, pectin, polycaprolactone, polylactic 
acid, polyglycolic acid, polyhydroxyalkanoates, dextrans, 
polyanhydrides and other biocompatible polymers. 

16. The fiber of claim 13, wherein two or more biocom 
patible polymers are added. 

17. The process of claim 14, wherein said fibroin is 
obtained from a Solution containing a dissolved silkworm 
Silk. 

18. The process of claim 17, wherein the silkworm silk is 
obtained from Bombyx mori. 

19. The process of claim 13, wherein said silk protein is 
obtained from a Solution containing a dissolved Spider Silk. 

20. The process of claim 19, wherein the spider silk is 
obtained from Nephila clavipes. 

21. The process of claim 13, wherein said silk protein is 
obtained from a Solution containing a genetically engineered 
Silk. 

22. The process of claim 13, wherein the silk blend film 
is from about 60 um to about 240 um in thickness. 

23. The process of claim 13, wherein the silk blend film 
comprises from about 50 to about 99.99 part by volume 
acqueous silk fibroin solution and from about 0.01 to about 50 
part poly(ethylene oxide). 

24. The process of claim 13, wherein the alcohol is 
Selected from the group consisting of methanol, ethanol, 
isopropyl alcohol (2-propanol) and n-butanol. 

25. The process of claim 13, further comprising Step (e) 
of mono-axially drawing the silk blend film. 

26. A film comprising a silk protein and poly(ethylene 
oxide). 

27. The film of claim 26, wherein the silk protein is 
fibroin. 

28. A film produced by the process of claims 13-25). 
29. A method of preparing a silk biomaterial scaffold 

comprising the Steps of: 

(a) providing a mold; 
(b) directing a Solution into the mold, wherein the Solution 

comprises an aqueous Solution of Silk protein and a 
biocompatible polymer, wherein the composition is 
free of Solvents other than water; 

(c) curing the Solution; 
(d) removing the cured scaffold from the mold. 
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30. A composition comprising an aqueous Solution of a 
Silk protein and biocompatible polymer, wherein the com 
position is free of Solvents other than water. 

31. The composition of claim 30, wherein the silk protein 
is fibroin. 

32. The composition of claim 30 or 31, wherein the 
biocompatible polymer is PEO. 

33. (canceled) 
34. A fiber produced by a process comprising the Steps of: 
(a) preparing an aqueous Solution of a silk protein; 
(b) adding a biocompatible polymer to said aqueous 

Solution; and 
(c) electroSpinning the Solution, thereby forming a Syn 

thetic fiber. 
35. The fiber of claim 34, wherein the silk protein is 

fibroin. 
36. The fiber of claim 34, wherein the aqueous solution 

has a concentration of about 0.1 to about 25 weight percent 
of the silk protein. 

37. The fiber of claim 34, wherein the biocompatible 
polymer is Selected from the group comprising polyethylene 
oxide (PEO), polyethylene glycol (PEG), collagen, fibronec 
tin, keratin, polyaspartic acid, polylysine, alginate, chitosan, 
chitin, hyaluronic acid, pectin, polycaprolactone, polylactic 
acid, polyglycolic acid, polyhydroxyalkanoates, dextrans, 
polyanhydrides and other biocompatible polymers. 

38. The fiber of claim 37, wherein two or more biocom 
patible polymers are added. 

39. The fiber of claim 34, further comprising step (d) 
immersing the fiber into an alcohol Solution. 

40. The fiber of claim 34 further comprising step (e) 
Washing the fiber in water. 

41. The fiber of claim 35, wherein said fibroin is obtained 
from a Solution containing a dissolved Silkworm Silk. 

42. The fiber of claim 41, wherein the silkworm silk is 
obtained from Bombyx mori. 

43. The fiber of claim 34, wherein said silk protein is 
obtained from a Solution containing a dissolved Spider Silk. 

44. The fiber of claim 43, wherein the spider silk is 
obtained from Nephila clavipes. 

45. The fiber of claim 34, wherein said silk protein is 
obtained from a Solution containing a genetically engineered 
Silk. 

46. The fiber of claim 39, wherein the alcohol is methanol. 
47. A Synthetic fiber comprising a Silk protein and a 

biocompatible polymer. 
48. The fiber of claim 47, wherein the biocompatible 

polymer is Selected from the group comprising polyethylene 
oxide (PEO), polyethylene glycol (PEG), collagen, fibronec 
tin, keratin, polyaspartic acid, polylysine, alginate, chitosan, 
chitin, hyaluronic acid, pectin, polycaprolactone, polylactic 
acid, polyglycolic acid, polyhydroxyalkanoates, dextrans, 
polyanhydrides, and other biocompatible polymers. 

49. The fiber of claim 47, wherein the fiber has a diameter 
in the range from 50 to 1,000 nm. 

50. A non-woven network of fibers comprising a fiber of 
claim 34 or 47. 

51. A method of producing a Synthetic fiber comprising 
the Steps of: 

(a) preparing an aqueous Solution of a silk protein; 
(b) adding a biocompatible polymer to said aqueous 

Solution; and 
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(c) electrospinning the Solution, thereby forming a Syn 
thetic fiber. 

52. The method of claim 51, wherein the silk protein is 
fibroin. 

53. The method of claim 51, wherein the aqueous solution 
has a concentration of about 0.1 to about 25 weight percent 
of the silk fiber. 

54. The method of claim 51, wherein the biocompatible 
polymer is Selected from the group comprising polyethylene 
oxide (PEO), polyethylene glycol (PEG), collagen, fibronec 
tin, keratin, polyaspartic acid, polylysine, alginate, chitosan, 
chitin, hyaluronic acid, pectin, polycaprolactone, polylactic 
acid, polyglycolic acid, polyhydroxyalkanoates, dextrans, 
polyanhydrides, and other biocompatible polymers. 

55. The method of claim 54, wherein two or more 
biocompatible polymers are added. 

56. The method of claim 51, further comprising step (d) 
immersing the Silk fiber into a alcohol Solution. 

57. The method claim 56, wherein the alcohol is metha 
nol. 

58. The method of claim 51, further comprising step (e) 
Washing the Silk fiber in water. 

59. The method of claim 52, wherein said fibroin is 
obtained from a Solution containing a dissolved silkworm 
Silk. 
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60. The method of claim 59, wherein the silkworm silk is 
obtained from Bombyx mori. 

61. The method of claim 51, wherein said silk protein is 
obtained from a Solution containing a genetically engineered 
Silk. 

62. The method of claim 51, wherein said silk protein is 
obtained from a Solution containing a dissolved Spider Silk. 

63. The method of claim 62, wherein the spider silk is 
obtained from Nephila clavipes. 

64. A method of producing a Synthetic fiber comprising 
the Steps of: 

(a) preparing an aqueous Solution of a silk protein; 
(b) adding polyethylene oxide to Said aqueous Solution; 
(c) electroSpinning the Solution, thereby forming a Syn 

thetic fiber. 

65. The method of claim 64, wherein the silk protein is 
fibroin. 

66. The method of claim 64, wherein the aqueous solution 
has a concentration of about 0.1 to about 25 weight percent 
of the silk fiber. 


